The principles for measuring the extinction ratio and transmittance of a polarizer are formulated by use of the principal Mueller matrix, which includes both polarization and depolarization. The extinction ratio is about half of the depolarization, and the contrast is the inverse of the extinction ratio. Errors in the extinction ratio caused by partially polarized incident light and the misalignment of polarizers can be corrected by the devised zone average method and the null method. Used with a laser source, the null method can measure contrasts for very good polarizers. Correct algorithms are established to deduce the depolarization for three comparable polarizers calibrated mutually. These methods are tested with wire-grid polarizers used in the 3-5-m wavelength region with a laser source and also a lamp source. The contrasts obtained from both methods agree.
Introduction
Polarization of light is widely used in many fields of modern optics, such as nonlinear optics, material characterization, fiber optics, laser gyro, liquid-crystal displays, magneto-optical recording, medical optics, and polarization discrimination. The performance of a polarimetric device is limited by the quality of the polarimetric components used. The quality of a polarizer is characterized by the extinction ratio or contrast, 1, 2 which is affected by the near-specular scattering ͑NSS͒ that accompanies the specular beam. Since NSS originates from random scattering, it causes depolarization. [3] [4] [5] [6] [7] [8] [9] The relation between NSS and the extinction ratio has not been formulated explicitly, although NSS and depolarization have received more attention recently in the literature. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Depolarization can be expressed explicitly in Mueller matrices but not in the electric field formalism. Nee has formulated a principal Mueller matrix to represent polarization for the average field and depolarization for random scattering fields. [3] [4] [5] Only two parameters, the copolarized and cross-polarized NSS, need to be added to the Mueller matrix for a specular beam for construction of a principal Mueller matrix that also includes depolarization. Depolarization is just the sum of incoherent copolarized and cross-polarized NSS. In this paper the relations between extinction ratio, contrast, polarization, NSS, and depolarization are established on the basis of the principal Mueller matrix. Different methods for characterizing polarizers are devised and tested, and the errors originating from these methods are analyzed.
Starting from the principal Mueller matrix, extinction ratio and transmittance are formulated in terms of depolarization and transmittance for a pure specular beam in Section 2. In Section 3 the errors caused by partially polarized incident light in polarizer characterization are analyzed and simulated. A zone average method is devised in Section 4 to cancel the errors caused by a partially polarized incident beam, misalignment, and imperfect polarizers. Correct algorithms are set up to deduce the extinction ratios for three imperfect polarizers calibrated mutually. A null method is devised in Section 5 to avoid the problems of nonlinear response and the limited dynamic range of the detector system in the measurements for very good polarizers. The null method is found to be immune to the errors caused by partially polarized incident light, imperfect polarizers in the polarimeter, and the misalignment of polarizers. The null method is accurate and also simple to use with an automatic null polarimeter. Section 6 shows the experimental results for a set of three wire-grid polarizers measured in the infrared by both methods. Section 7 concludes the investigations.
Characteristics of a Polarizer

A. Principal Mueller Matrix
Characteristics of a polarimetric component or a sample can be represented by a Mueller matrix in the principal coordinate system. The principal Mueller matrix can be expressed in two forms 3-5 : where and ⌬ are the ellipsometric parameters, ᏼ ͑Յ1͒ is the degree of polarization, T* is the measured transmittance, T is the average transmittance for the polarization part of transmission, u and v are, respectively, the ratios of the copolarized and cross-polarized incoherent NSS to T. Ratios u and v include all NSS from the sample, background, and other random processes. ⌬ is the phase retardance of a sample.
Matrices T given by Eqs. ͑1͒ and ͑1Ј͒ can be decomposed into a polarization matrix of pure specular type and a depolarization matrix of incoherent scattering type. [3] [4] [5] A polarization matrix represents a polarization response that polarizes unpolarized light but does not depolarize purely polarized light. A depolarization matrix represents a depolarization response that depolarizes purely polarized light but does not polarize unpolarized light. The degree of polarization ᏼ is the fraction of how much of the sample behaves like a polarization response, and depolarization Ᏸ is the other fraction which is equal to 1 Ϫ ᏼ. If u ϭ v ϭ 0 or ᏼ ϭ 1, then matrices T given by Eqs. ͑1͒ and ͑1Ј͒ reduces to a polarization matrix. If ᏼ ϭ 0, T of Eq. (1Ј) reduces to a depolarization matrix. This kind of decomposition is phenomenological and is different from the rigorous decomposition by Konstinski. 8 The Ᏸ defined here is also different from that used by Chipman. 19 However, both Eqs. ͑1͒ and ͑1Ј͒ satisfy the conditions for a physical Mueller matrix. 8 -13 Representations given by Eqs. ͑1͒ and ͑1Ј͒ are convenient to use in instrumental analysis and polarimetry. In either Eq. ͑1͒ or Eq. ͑1Ј͒, there are five independent parameters that form a complete set of polarization and depolarization characteristics. ᏼ, , and ⌬ represent polarization characteristics, and Ᏸ, u, and v represent depolarization characteristics. Relations between the parameters of Eqs. ͑1͒ and ͑1Ј͒ are given by
For an ideal polarizer, u ϭ v ϭ 0, ᏼ ϭ 1, Ᏸ ϭ 0, and T* ϭ T ϭ 1͞2. A polarizer has u ϩ v Ͻ Ͻ 1, ᏼ Ϸ 1, and Ᏸ ϭ u ϩ v with a fractional error equal to Ᏸ. In the text, depolarization is used freely to represent total NSS ͑u ϩ v͒ for a polarizer.
B. Mueller Matrix for a Polarizer
Since a polarizer has u ϩ v Ͻ Ͻ 1, Eq. ͑1͒ is more appropriate to represent the polarization by a polarizer. For samples with serious depolarization, Eq. ͑1Ј͒ is more appropriate. Because sin 2 is usually very small for polarizers, we may neglect the retardance in a polarizer. A polarizer with its axis in the x direction has ϭ 90°and can be represented by
From the similarity transformation for Mueller matrices, the Mueller matrix T͑͒ for a polarizer oriented at an angle with respect to the x axis is For a polarizer oriented at ϭ 90°, T͑͒ reduces to the form of Eq. ͑3͒ with the 12 and 21 components changed from 1 to Ϫ1. For ϭ 90°, the system is still aligned with the principal coordinate system.
C. Polarizer Characteristics
There are three independent parameters, T, u, and v, that need to be determined for a polarizer. The
transmittance of a polarizer was conventionally defined as the ratio of the intensity passing through a polarizer to the incident intensity I 0 , provided that the incident beam is perfectly unpolarized. The Stokes vector for incident unpolarized light is S 0 Ј ϭ I 0 ͑1, 0, 0, 0͒Ј. A Stokes vector with a prime superscript denotes a column vector, which is the transpose of the row vector. The intensity of light passing through a polarizer at an angle is I ϭ TI 0 ͑1 ϩ u ϩ v͒, which is independent of . The measured transmittance T* is
The measured transmittance includes the transmittance T of the specular beam and the NSS in the field of view of the detector. Equation ͑5͒ agrees with T and T* in the Mueller matrices of Eqs. ͑1͒ and ͑1Ј͒. For good polarizers, u ϩ v Ͻ Ͻ 1, and the measured transmittance T* is approximately equal to T. The extinction ratio Ᏹ is defined as the ratio of minimum transmittance to maximum transmittance when perfectly linearly polarized light is incident on a rotating polarizer. 1,2 Contrast C, or the polarization ratio, is the inverse of the extinction ratio. 2 Let the polarization of incident light be along the x axis with S 0 Ј ϭ I 0 ͑1, 1, 0, 0͒Ј. Since a detector measures only the intensity, it can be represented by an intensity row vector as I ϭ ͑1, 0, 0, 0͒. The intensity for a polarizer oriented at an angle is
Maximum or minimum intensity occurs when the polarizer is at ϭ 0°or ϭ 90°. Using the relations between Ᏸ, ᏼ, and u ϩ v given by Eq. ͑2͒, the extinction ratio Ᏹ is
Equation ͑7͒ relates the different polarization terms for a polarizer exactly. The extinction ratio is approximately half of the depolarization or NSS. The relations between Ᏹ, ᏼ, and the extremum intensities agree with the conventional definition of polarization given by ᏼ ϭ ͑I max Ϫ I min ͒͑͞I max ϩ I min ͒ ϭ ͑1 Ϫ Ᏹ͒͑͞1 ϩ Ᏹ͒. 1 Conventionally, there are two ways to measure the extinction ratio. In case 1 a rotating perfect analyzer is placed behind a sample polarizer to examine the polarization; in case 2 a perfect polarizer is placed in front of a rotating sample polarizer. If incident light is unpolarized for both cases, then Eq. ͑6͒ holds, provided that is the relative angle of the analyzer with respect to the polarizer and that I 0 is the incident intensity times the transmittance of the perfect polarizer or analyzer. For both cases the extinction ratio is obtained from I min ͞I max as given by Eq. ͑7͒.
Ratios u and v need to be separated from Ᏸ to yield all three independent parameters. Let incident light be polarized along the x axis; then the incident Stokes vector is S 0 Ј ϭ I 0 ͑1, 1, 0, 0͒Ј. Arrange a polarizer, which is denoted by the subscript p in all characteristics, to cross the incident polarization; the Stokes vector for light output from the polarizer is S ϭ P͑90°͒S 0 Ј ϭ T p I 0 ͑u p ϩ v p , u p Ϫ v p , 0, 0͒Ј. With another analyzer placed in parallel with the polarizer, the intensity is given by IA͑90°͒P͑90°͒S 0°ϭ 2T a T p I 0 v p . Similarly, with another analyzer placed to cross the polarizer, the intensity is IA͑0°͒P͑90°͒S 0 Ј ϭ 2T a T p I 0 u p . Surprisingly, the NSS of the analyzer does not come into the final intensity. In this way, the copolarized and cross-polarized NSS of a polarizer can be measured by use of
Effects of Partially Polarized Light
A. Effects on Transmittance
In Section 2 unpolarized or perfectly polarized incident light and an ideal analyzer or polarizer were assumed. However, incident light is usually partially polarized, and the polarizers of a polarimeter are not ideal. These imperfections will cause undesired errors in the measurements of transmittance and extinction ratio. Let the Stokes vector for partially polarized light be
the measured intensity for a polarizer oriented at an angle is
The measured transmittance T*͑ϭI͞I 0 ͒ thus contains a nonnegligible error depending on . The simplest way to eliminate this error is to measure I͑͒ at ϭ 0°and 90°and then take the average. The average transmittance is
In general, transmittance can be obtained from the ratio of the average transmitted intensity to the incident intensity. If intensity is measured over the whole cycle of , transmitted intensity can be averaged over all or just over the maximum and minimum intensities, and both averages give the same result.
If the polarizer is perfect, the anisotropy of incident light can be determined from
If the polarizer is not perfect, errors may come into Eqs. ͑12͒. Using more symmetric positions at 135°, 180°, 225°, and 270°can give better averages.
B. Effects on Extinction Ratio
For partially polarized incident light, the transmitted intensity through a polarizer at an angle P followed by an analyzer at an angle A is given by
Subscripts p and a denote the characteristics of the polarizer in front and the following analyzer, respectively. Let u and v be the NSS coefficients for the sample polarizer under test, and let be its orientation. For case 1, when a rotating analyzer is placed behind a sample polarizer oriented along the x axis, the characteristics associated with the polarizer are replaced by those of the sample polarizer. Then P ϭ ϭ 0, T p ϭ T, u p ϭ u, and v p ϭ v. The intensity and the extinction ratio are
. (14) The extra terms containing ␣, u a , and v a in I͑0, A͒ make significant changes to the extinction ratio expression in Eq. ͑7͒. Computer simulation for the process of case 1 showed that Ᏹ depends heavily on ␣ but is independent of ␤ and ␥. Figure 1 plots the simulated contrast ͑C ϭ 1͞Ᏹ͒ for ␣ between Ϫ0.75 and 0.75. It shows that C is inaccurate as ␣ deviates significantly from 0. In case 2 a fixed polarizer is placed in front of a rotating sample analyzer. Then P ϭ 0, A ϭ , T a ϭ T, u a ϭ u, v a ϭ v, and the intensity and the extinction ratio are
Although Eqs. ͑15͒ look similar to Eqs. ͑14͒, the results are in fact quite different. If the analyzer in case 1 is perfect, the Ᏹ of Eqs. ͑14͒ is still different from the Ᏹ of Eq. ͑7͒. However, if the polarizer in case 2 is perfect, the Ᏹ of Eqs. ͑15͒ reduces to the Ᏹ of Eq. ͑7͒. Apparently case 2 is better than case 1 when the tested polarizer is much poorer than the testing polarizer. The tips for measurement of the extinction ratio are, 1, always put the better polarizer in front of the poorer one and, 2, never rotate the front polarizer.
Zone Average Method
A. Correction of Errors due to Partially Polarized Incident Light
To avoid the errors caused by partially polarized incident light, ␣ must be near zero. A polarizer at 45°o r Ϫ45°inserted into the incident beam can make ␣ Ϸ 0, but this will cut down the incident intensity and increase the uncertainty of I min . A quarter-wave plate at Ϫ45°or 45°changes S 0 Ј to I 0 ͑1, Ϯ␥, ␤, ␣͒Ј. This method may help, provided that ␥ is near zero originally. A modification to the conventional method by an averaging process similar to the zone average in null polarimetry can effectively cancel the error caused by ␣. Examination of Eq. ͑13͒ shows that if measurements are made with the polarizer placed at 0°and then at 90°, then the average will cancel the effects of a nonzero ␣. The zone averages for T and ␣ are given by
Here intensities I with two arguments are evaluated by use of Eq. ͑13͒, and intensities I with one argument are evaluated by use of Eq. ͑10͒. T p * and ␣ given by Eqs. ͑16͒ are consistent with those given by Eqs. ͑5͒, ͑11͒, and ͑12͒. Interchanging the subscripts of p and a in Eq. ͑16͒ can also yield T a *. The zone average for the extinction ratio is given by
Equation ͑17͒ is consistent with Eq. ͑7͒ except that the NSS is the sum of the NSS's of both polarizers. If either polarizer or analyzer is perfect, then Eq. ͑17͒ reduces to Eq. ͑7͒. This averaging method does not require an extra component for changing the incident beam and can effectively cancel the errors caused by partially polarized incident light.
B. Correction of Errors due to Imperfect Polarizers
Since real polarizers are imperfect, the depolarization and cross scattering of the polarizers in a polarimeter must be taken into account in the measurement of the extinction ratio of a sample polarizer. For u a ϩ v a Ͻ Ͻ u p ϩ v p , Eq. ͑17͒ reduces to Eq. ͑7͒, and the analyzer may be considered perfect.
If u a ϩ v a Ϸ u p ϩ v p , then three equations similar to Eq. ͑17͒ for three different pairs combined from three polarizers are needed to solve for the NSS of each polarizer. For each pair, the combined NSS is
. (18) With three sets of similar measurements for the three pairs of different combinations, the u ϩ v for each polarizer can be determined. The extinction ratio for each polarizer is then calculated from Eq. ͑7͒.
Simulation of the process of the zone average method have shown that the solutions for the extinction ratio are independent of ␣, ␤, ␥, and v for the three polarizers.
C. Misalignment of Polarizers
Misalignment of the polarizer and analyzer often occurs in measurement, which means that the readings of polarizer and analyzer orientations do not correspond to the real orientations. Misalignment of the front polarizer does not matter, since the incident beam is partially polarized. The error comes from the relative orientation of the analyzer to the polarizer. The error in intensity given by Eq. ͑13͒ for such an effect is ␦I ϰ Ϫsin 2͑AϪP͒␦͑AϪP͒.
With P and A set at 0°or 90°, the errors of intensities in the zone averages given by Eqs. ͑16͒, ͑17͒, and ͑18͒ are second orders of ␦͑ A Ϫ P͒ and are also cancelled in these equations. A simulation of the zone average method is performed with Eq. ͑18͒ used for three polarizers of comparable performance. In the simulation each polarizer is assigned a slight misalignment to see how the results are affected. The initial assignments are S 0 ϭ ͑1, 0.3, 0.2, 0͒; ͑C, T, v͒ for polarizers A, B, and C are, respectively, ͑2000, 0.3, 0.00002͒, ͑1000, 0.4, 0.00002͒, and ͑3000, 0.35, 0.00002͒. Figures 2 shows the simulated contrasts for samples A with slight misalignments of ͓Fig. 2͑a͔͒ A and B, and ͓Fig. 2͑b͔͒ B and C. In each plot the misalignment of the third polarizer was assumed to be zero. When two polarizers are both misaligned, the coupling will enhance the errors nonlinearly. From other simulated plots not shown, the percentage errors in C or Ᏹ by misalignment are largest for the best polarizer and smallest for the poorest polarizer. For misalignment of less than 0.2°for all polarizers, the errors in C and Ᏹ are less than 5%.
Null Method
The extinction ratio can be determined by the methods in the previous sections or by measuring depolarization directly. If C were very large, the detector system might not have a large enough dynamic range, which then would introduce many different kinds of error. These errors include the incapability of the detection system to detect the minimum and the maximum intensity, and the poor linearity of the detector response over the whole range. Direct measurement of NSS by null polarimetry can avoid these deficiencies, provided that the intensity of light passing through two polarizers varies according to cos 2͑ A Ϫ P͒ as given by Eq. ͑13͒. A good null polarimeter can find the null position to an accuracy of 0.01°e asily, and one can then determine NSS by measuring the intensities at and near the null position. Since the measured intensities are in a small range around the null position, the problem of the nonlinear response of the detecting system is avoided. However, since this method requires extrapolation far from the range of data, the nonideal dependence of intensity on the polarizer angle is overlooked. A. Principles of Null Polarimetry In null polarimetry a polarizer is used to generate polarized light incident on a sample, and an analyzer is used to find the analyzer angle that gives null intensity after being reflected or transmitted by a sample. The sample polarizer is placed in the middle, and its polarization axis is defined as 0°. The Mueller matrix for a sample polarizer polarized along the x axis is given by Eq. ͑3͒. The polarizer and analyzer in a polarimeter are assumed to be perfect in order to demonstrate the method. The intensity for a polarizer at P and an analyzer at A for perfectly unpolarized light incident on the polarizer is
T p and T a are the transmittance for the polarizer and analyzer, respectively, and u and v are, respectively, the copolarized and cross-polarized NSS of the sample polarizer. The position of A that gives extremum intensities for fixed P is obtained by location of the values of A 0 with ‫ץ‬I͞‫ץ‬A ϭ 0. In this case the null position A 0 is still located at 90°regardless of the values of P. Neither u or v of the sample polarizer affects the null position. For P ϭ Ϯ45°, Eq. ͑20͒ can be simplified to
At the null positions the intensity is I min ϭ T a T p TI 0 ͑u ϩ v͒. To measure u ϩ v, we can eliminate the constant of T a T p TI 0 by taking the ratio of intensities near the null position to I min . The range of intensity is chosen such that the sensitivity is linear and the measurement is accurate. A laser source is best suited for this method. The procedure to measure u ϩ v is set the polarizer at Ϯ45°, scan the analyzer to find the null A 0 , and then measure I͑Ϯ45°, A 0 ͒ and I͑Ϯ45°, A 0 Ϯ ⌬A͒. The NSS can be obtained as
The average of the two values of u ϩ v obtained from measurements at P ϭ Ϯ45°can eliminate the error caused by misalignment of the sample polarizer. The extinction ratio is then calculated by use of Eq. ͑7͒.
B. Imperfect Conditions
Incident light is usually partially polarized and can be represented by S 0 of Eq. ͑9͒. The polarizer and analyzer are also imperfect. To simplify the formulations, Ᏸ is used to represent u ϩ v for all polarizers, even though there is slight difference between the two according to Eq. ͑2͒. The intensity of light passing through three imperfect polarizers is
For P ϭ Ϯ45°, Eq. ͑23͒ can be simplified to
Equation ͑24͒ is similar to Eq. ͑21͒, except that Ᏸ is replaced with Ᏸ a ϩ Ᏸ and the intensity is multiplied by a factor of ͑1 ϩ Ᏸ p Ϯ ␤͒. The sum of the depolarization for the sample polarizer and the analyzer is therefore
Only the depolarization of the analyzer, but not that of the polarizer, affects the results. If Ᏸ a Ͻ Ͻ Ᏸ, then Eq. ͑25͒ reduces to Eq. ͑22͒, and the analyzer can be considered perfect. Again, three equations similar to Eq. ͑25͒ are needed to solve for Ᏸ if Ᏸ, Ᏸ a , and Ᏸ p are comparable. These can be done by permutation of the orders of the polarizer, sample, and analyzer in the system and repeating the measurements. Figure 3 shows the simulated contrasts obtained with the null method described in this section. The conditions are identical to those for Fig. 2 . A comparison between Figs. 2 and 3 shows that the null method can eliminate most of the errors caused by partially polarized incident light, imperfect polarizers, and misalignments of polarizers. Since small intensities are measured in the null method, uncertainty is large if the source is not strong enough to give appreciable intensity near the null. This method is appropriate for very good polarizers used with an intense light source.
Experiments
Several wire-grid polarizers were used to test the concepts and the devised methods described in this paper. These polarizers are denoted P, A, R, and M. Tests were performed in the 3-5-m wavelength region. Two different light sources were used. One source is a He-Ne laser at 3.39-m wavelength with a power of ϳ3 mW. The other source is a Nernst glower used with a grating monochromator and a long pass filter. The bandwidth of the monochromator is 6 nm. The intensity of light exiting from the monochromator is approximately a hundred times weaker than the laser source. The detector is an InSb detector cooled to liquid-nitrogen temperature. A chopper and lock-in amplifier were used to suppress the background noise. All polarizers were mounted with slight tilts on computer-controlled rotary stages. The precision of the null positions is Ϯ0.01°for an automatic null fitting procedure.
A. Measurement of T, Ᏹ, u, and v with a Perfectly Polarized Source
The laser source and a calcite polarizer with a large contrast were used to generate a nearly perfectly polarized incident light beam. The beam diameter is 6.33 mm. The incident Stokes vector is proportional to ͑1 ϩ ␦, 1, 0, 0͒Ј, where ␦ ͑Ͻ Ͻ1͒ is the depolarization of the incident light. In this case the error ␦ comes into u ϩ v and v p of Eqs. ͑7͒ and ͑8͒, which should be modified to u ϩ v ϩ ␦ and v p ϩ ␦, respectively. ␦ depends on the polarization of the light source and the NSS of the calcite polarizer. ␦ is minimum when the axis of the calcite polarizer is parallel to the polarization of the laser, which was the case here. ␦ is negligible in u but not in v, because the crosspolarized NSS v is usually much smaller than the copolarized NSS u. Church and Takacs have pointed out that no cross-polarized scattering is expected in the plane of incidence. 20 Table 1 shows the measured results for different combinations and orientations of the polarizer and the analyzer. T was deduced from Eq. ͑11͒; Ᏹ, C, and Ᏸ from Eq. ͑7͒; and u and v from Eqs. ͑8͒. The measured cross-polarized scattering ͑v Ͻ 3 ϫ 10
Ϫ6
͒ for polarizer P is much smaller than the measured copolarized scattering ͑u ϭ 1.79 ϫ 10 Ϫ4 ͒, in agreement with vector scattering theory. Note also that Ᏸ p obtained from Eq. ͑7͒ also agrees with u p and v p determined from Eqs. ͑8͒.
B. Measurement of T, ␣, and C with a Partially Polarized Source
Incident light was emitted from a Nernst glower and passed through a grating monochromator and a long pass filter. Intensities I 0 of incident light and I of light passing through a rotating polarizer were mea- If the incident light is unpolarized, I͞I 0 is constant for all P, and its value is the transmittance of the polarizer according to Eq. ͑5͒. Figure 4 shows the plot of I͞I 0 versus P. I͞I 0 changes sinusoidally with P, which agrees with the prediction of Eq. ͑10͒ for incident partially polarized light. The minimum intensity is not small, in contrast with the near-zero minimum intensities for incident perfectly polarized light, as listed in Table 1 . Obviously, without our knowing the polarization of the incident light, I͞I 0 cannot represent the transmittance of a polarizer. The transmittance can be obtained from the average of I͞I 0 for pairs of points at 90°apart by use of Eq. ͑11͒. The average is equal to 0.3922 and is shown as the horizontal dashed line in Fig. 4 . The linear polarization of incident light was also determined from Eqs. ͑12͒ for the data of I͞I 0 at 90°a part. The results are ␣ ϭ 0.3713 and ␤ ϭ 0 for the data of Fig. 4 . The spectra of ␣ and ␤ were also measured for wavelengths between 2.5 and 5.0 m and are shown in Fig. 5 . ␣ and ␤ were obtained from the intensity spectra for a polarizer set at 0°, 90°, and Ϯ45°, and then calculated from Eqs. ͑12͒. We see that ␤ is nearly zero for light coming out of a grating monochromator and that the anisotropic factor ␣ ranges between Ϯ0.4 for wavelengths between 2.5 and 5.0 m. Those uncertainties larger than 0.008 for both ␣ and ␤ are shown as the error bars associated with the data in Fig. 5 .
Equations ͑14͒ and ͑15͒ were tested with a good polarizer P and a poor polarizer M. The contrast of P is 50 times better than that of M. In case 1, M is in front and P is rotating. In case 2, P is in front and M is rotating. Figure 6 shows the apparent contrast I max ͞I min for the front polarizer at different orientations for both cases. I max ͞I min can vary from 100 to 500 for the case in which the poor polarizer is in front, while it is about constant for the case in which the good polarizer is in front. Thus using a good polarizer in front of a poorer one gives more reliable results for the contrast.
C. Zone Average Method Used with a Lamp Source
A lamp source with a monochromator was used to produce incident light with a bandwidth of 6 nm. Wire-grid polarizers P, A, and R were tested to demonstrate the zone average method. Measurements were performed at ϭ 3.39 m with a beam diameter of 9.53 mm and a lamp power of 50 W. Table 2 lists the intensities measured for light passing through a single polarizer with the axis along 0°or 90°, along 6 . Apparent contrast I max ͞I min for partially polarized light passing through polarizers P and M when the front polarizer is at various different angles. The contrast of P is 50 times better than that of M. Circles, P is in front and M is rotating; squares, M is in front and P is rotating.
with ␣, which was calculated from Eqs. ͑12͒. The uncertainty in the measured intensity was obtained from three sets of six successive measurements at intervals of approximately five times the time constant of the lock-in amplifier. It represents the precision of the measurements. The uncertainties in other deduced parameters were calculated according to the arithmetic rules for error calculation. Table 3 lists the measured intensities for light passing through a pair of polarizers for the zone average method. Three permuted pairs are required for mutual calibration of imperfect polarizers. T and ␣ were calculated from Eqs. ͑16͒ and are listed in Table 4 . Values of ␣ obtained with the zone average method, listed in Table 4 , agree with those obtained by the conventional method, listed in Table 2 . To deduce Ᏹ and C, the combined depolarization for each pair was calculated from Eq. ͑18͒, and depolarizations for a single polarizer were then solved from the three equations for combined depolarizations. The extinction ratio and contrast were calculated for the definitions given by Eq. ͑7͒. The results are also listed in Table 4 . Errors in Ᏹ and C depend mainly on the signal-to-noise ratio of intensities at cross polarization.
D. Null and Zone Average Methods Used with a Laser Source
The light source was a He-Ne laser at a wavelength of 3.39 m with a beam diameter of 6.33 mm. The laser was attenuated by a factor of 65.2, with a neutral-density filter used to avoid overloading the detector at maximum intensity. Polarizers P, A, and R were used to test and compare the null method and the zone average method under the same experimental conditions. For the null method the polarizer was set at Ϯ45°and the sample at 0°, and intensity was measured for the analyzer at the null position near 90°and at 2°on both sides of the null. Each polarizer in turn was placed in front as the first polarizer. Since the laser was originally polarized nearly vertically, when a pair of polarizers were measured by the zone average method, the third one was placed in front at an angle of Ϫ45°to condition incident light so that approximately equal intensities were obtained for both horizontal and vertical polarizations. Under such conditions, ␣ is approximately zero and ␤ one, and the contribution of ␣ and ␤ to the intensity given by Eq. ͑13͒ is minimized. Table 5 and 6 list the intensities measured by the null method and the zone average method, respectively. Table 7 includes the results of Ᏹ and C reduced from the data of Tables 5 and 6 . Results of the contrast obtained with the null method are larger than those obtained with the zone average method by a factor of 4% to 10%, since the null method assumes that polarization follows the cosine square law exactly. The percentage errors of Ᏹ or C with the null method are also larger than those obtained with the zone average method, since the null method measured only intensities around the null. The contrast obtained with a lamp source are smaller than those obtained with a laser source, because the bandwidth from a monochromator is much larger than the bandwidth of a laser. More depolarizations were observed for measurements with a lamp source than with a laser source.
Conclusions
Starting from the principal Mueller matrix that includes both polarization and depolarization, the principles used to characterize a polarizer were formulated. The principal Mueller matrix for a polarizer was set up in terms of three independent characteristics, transmittance and copolarized and cross-polarized scattering. The measured transmittance includes the transmittance of the specular beam as well as the near-specular scattering ͑NSS͒. Depolarization is the sum of incoherent copolarized and cross-polarized NSS relative to the average specular transmittance. For a polarizer crossing a perfectly polarized light beam, the leakage intensity is the NSS. The extinction ratio, which is defined as the ratio of the minimum to maximum intensity, then turns out to be approximately half of the depolarization. Contrast is the inverse of the extinction ratio. Thus a good polarizer with small scattering has a large contrast. By analyzing the leakage radiation through a wire-grid polarizer, it was found that the cross-polarized scattering is much smaller than the copolarized scattering. Monochromatic light generated from a blackbody source and a grating monochromator is partially polarized. Errors in the measured extinction ratio or contrast caused by partially polarized incident light and misalignment of polarizers were analyzed. The devised zone average method can effectively cancel the errors caused by partially polarized incident light. Since no polarizer is perfect, correct algorithms were established for deducing the depolarizations for three comparable polarizers calibrated mutually. A null method was also devised for measuring contrasts for very good polarizers in order to eliminate the problem of nonlinear response of the sensor system between the maximum and minimum intensity. Several wire-grid polarizers were used to test these methods, measured in the 3-5-m wavelength region with a laser source and a lamp source. The contrasts measured by the two methods agree with each other; uncertainties are larger when a lamp source is used, which has a much weaker intensity than a laser source; and when the null method and a laser source are used, high contrast with relatively low uncertainty can be obtained. Incident light was generated from a He-Ne laser at ϭ 3.39 m and passing through the third polarizer oriented at Ϫ45°. 
